1. Introduction {#sec1-diagnostics-09-00188}
===============

Historically, the development of technology in medicine has more often been at the burden of higher costs. Indeed, recent reports suggest that, despite its increasing use, the cost of medical technology is not decreasing \[[@B1-diagnostics-09-00188]\]. However, two areas in medicine in which this has been disproven are the categories of telemedicine and portable ultrasound.

Early ultrasound devices were large and often confined to hospital facilities that support imaging laboratories (cardiology, radiology, and obstetrics). With recent advances in ultrasound technology, however, these devices have become more portable, smaller, cheaper, and usable at the patient's bedside \[[@B2-diagnostics-09-00188]\]. Indeed, point-of-care ultrasound (POCUS) has been identified as the most rapidly growing sector in medical ultrasound imaging, with handheld devices costing approximately 1/20th the price of 10 years ago (from \$40,000 + to \$2000) \[[@B3-diagnostics-09-00188]\]. In addition, ultrasound provides the particular benefit of a significantly lower level of harm compared to other medical imaging modalities \[[@B4-diagnostics-09-00188]\].

Point-of-care ultrasound refers to the use of portable ultrasonography at the patient's bedside for diagnostic and therapeutic purposes \[[@B5-diagnostics-09-00188]\]. POCUS has been proven to serve a vital role in the rapid assessment of a patient's cardiac, pulmonary, hemodynamic, vascular, neurologic, and gastrointestinal status \[[@B4-diagnostics-09-00188],[@B6-diagnostics-09-00188],[@B7-diagnostics-09-00188],[@B8-diagnostics-09-00188]\]. Additionally, the application of POCUS continues to broaden as its usefulness and efficiency are shown to be greater than alternative imaging \[[@B4-diagnostics-09-00188],[@B9-diagnostics-09-00188]\]. While the clinical utility of POCUS is rapidly expanding, the majority of the evidence supports its utility by skilled practitioners with advanced medical training. However, with innovations in POCUS devices described above, the possibility of using this technology in settings where skilled practitioners are not available becomes more feasible. Indeed, the barrier to using POCUS in resource-limited settings may be secondary to a lack of education rather than the availability of equipment.

The area of telemedicine has also undergone a similar transformation to POCUS over recent years. Telemedicine is defined as the use of medical information exchanged from one site to another via electronic communications to improve patients' health status. The incorporation of consumer-level products has significantly reduced costs and has allowed this topic to become much more mainstream \[[@B10-diagnostics-09-00188]\]. Indeed, consumer devices are demonstrating adequate capability for performing remote patient examinations, with continued improvements each year \[[@B10-diagnostics-09-00188]\]. Furthermore, these technologies have advanced to allow hands-free video communication, with the remote viewer having a point-of-view (POV) perspective \[[@B11-diagnostics-09-00188]\]. This innovation opens up new possibilities for application toward patient care.

Recently, consumer-available wearable technologies, such as Google Glass (GG; Mountain View, CA, USA), and routine video conferencing smartphone devices, such as Apple iPhone (Cupertino, CA, USA), have demonstrated utility in healthcare. The GG POV technology has demonstrated utility for improving intraoperative communication and documentation as well as surgical training \[[@B12-diagnostics-09-00188]\]. The use of the FaceTime (FT) video conferencing technology from iPhone has demonstrated utility across a wide area of telemedicine applications. An abbreviated review demonstrated FT-supported telemedicine to be useful for primary care patient evaluation \[[@B13-diagnostics-09-00188]\], dermatology evaluation \[[@B14-diagnostics-09-00188]\], and management in the intensive care unit \[[@B15-diagnostics-09-00188]\] as well as for improving the education of ultrasound-guided anesthetic procedures \[[@B16-diagnostics-09-00188]\] and even airway management \[[@B17-diagnostics-09-00188]\].

The integration of these two rapidly advancing areas (POCUS and telemedicine) has been explored. Recent evidence has demonstrated the ability of a POCUS expert physician to guide a nonphysician hospital staff member to perform a POCUS exam via consumer-available teleconference equipment \[[@B9-diagnostics-09-00188]\]. This same research group also demonstrated the ability of FT technology to transfer ultrasound images without clinically significant quality degradation \[[@B18-diagnostics-09-00188]\]. Moreover, the use of FT communication between an intensivist team at a tertiary care center and nonphysician healthcare providers in a low-income country demonstrated the ability to successfully educate about POCUS image acquisition techniques as well allow appropriate image quality for remote clinical interpretation \[[@B10-diagnostics-09-00188]\]. Additionally, Zennaro et al. demonstrated a high degree of agreement between ultrasound exams performed by pediatricians who were guided remotely by radiologists and ultrasound exams performed by radiologists in person \[[@B19-diagnostics-09-00188]\]. Similar results were found for the use of ultrasound with telemedicine (teleultrasound) for remote guidance between onsite resident physicians and remote expert mentors for the diagnosis of pediatric acute appendicitis \[[@B20-diagnostics-09-00188]\]. Recently, the incorporation of augmented reality has also demonstrated utility for remote ultrasound guidance \[[@B21-diagnostics-09-00188]\]. Finally, the development of a teleultrasound system that allows an expert to perform an ultrasound exam remotely via a robotic system has also demonstrated clinical utility \[[@B22-diagnostics-09-00188]\].

While the utilization of teleultrasound has rapidly increased across many specialties for in-hospital patient care, far less has been explored for the use of POCUS technology to facilitate the management of patients in the out-of-hospital setting. Moreover, while the efficacy of teleultrasound between medical personnel has demonstrated patient benefit, there is much less evidence on the utility of implementing teleultrasound between a POCUS-trained physician and a person without medical training. Given the advancements in teleultrasound technology, there may be a potential to use these devices in resource-limited areas in which significant medical training is not available.

This scenario demonstrates the utility of evaluating the use of a low-cost teleultrasound system to guide nonmedical personnel to perform POCUS exams remotely. This pilot study sought to evaluate the ability of a POCUS-trained physician to remotely guide nonmedical personnel to perform an acute cardiac, pulmonary, and abdominal POCUS exam using consumer-available communication devices, namely, FT and GG. Specifically, this blinded study sought to evaluate the quality of images captured by untrained, nonmedical, tele-ultrasound-guided sonographers in comparison to the quality of images performed by an expert sonographer.

2. Methods {#sec2-diagnostics-09-00188}
==========

2.1. Study Design {#sec2dot1-diagnostics-09-00188}
-----------------

This prospective, educational intervention study was approved by the Institutional Review Board (IRB \# \# 2014-1014) at the University of California---Irvine, Orange CA on 21 February 2014.

2.2. Population and Setting {#sec2dot2-diagnostics-09-00188}
---------------------------

Subjects were undergraduate students at the University of California, Irvine, who voluntarily consented to participate and who confirmed to having no medical ultrasound training.

2.3. Point-of-Care Ultrasound Exam {#sec2dot3-diagnostics-09-00188}
----------------------------------

A previously validated point-of-care ultrasound was designed for the assessment of cardiovascular trauma (ACT) and included (1) cardiac evaluation via parasternal long and short-axis views, (2) pulmonary evaluation for pneumothorax via anterior lung sliding evaluation, and (3) abdominal free fluid evaluation via right upper quadrant scan ([Figure 1](#diagnostics-09-00188-f001){ref-type="fig"}) \[[@B23-diagnostics-09-00188]\]. A high-frequency transducer (12 mHz) was used for pulmonary evaluation, and a low-frequency (2--5 mHz) transducer was used for cardiac and abdominal evaluation.

2.4. Experimental Protocol {#sec2dot4-diagnostics-09-00188}
--------------------------

After consent, participants received an 8 min tutorial on the following: ultrasound equipment (how to switch ultrasound probes, adjust depth, adjust gain, and locate the probe indicator), Google Glass (how to wear and connect audio), and iPhone FT video conferencing technology. The subjects also received a one-page handout that showed an image of correct probe placement on the body as well as an ideal ultrasound image for each of the three components of the ACT exam. No additional instruction on the ultrasound exam, including probe orientation, anatomy, image quality, or image interpretation, was performed as the study examined the ability to guide a true novice. After the tutorial, the subject ultrasonographer donned the GG, and a connection was established with the expert sonographer stationed in another room. FaceTime connection was also established; however, this device was positioned to show only the ultrasound screen at all times. The expert anesthesiologist visualized both the FT and GG streams on a notebook computer (MacBook Pro 2013). Goggle Glass provided a one-way video and two-way audio communication. FaceTime provided two-way audio and video communication. The expert instructed the ultrasonographer via the GG device.

A SonoSite (Bothell, WA) Edge I system with a 12 MHz linear transducer and a 2--5 MHz phased-array transducer was used for all ultrasound exams. All exams were performed on the same human model, who was a young, healthy male with normal body habitus. A research assistant was present to support any technical issues with communication devices or the ultrasound equipment. Each subject had up to 5 min to complete each of the three ultrasound exams. A five-point scale, as described previously \[[@B24-diagnostics-09-00188]\], was used, with the value of 3 representing the cut-off score for images deemed suitable for interpretation. The remote expert examiner would stop the subject after an ideal image was achieved (based on the remote examiner's judgment for having an image score ≥3) or if the 5 min exam period elapsed. The expert examiner would score the live image quality for each of three exams immediately after image acquisition.

Additionally, the audio and video feed on the expert examiner's computer was recorded for offline review by a blinded second expert examiner. Prior to study initiation, the blinded second examiner and the expert study sonographer reviewed five complete ACT exam clips to validate inter-rater scoring reliability. Additionally, the blinded reviewer reviewed the clips of the expert sonographer performing an in-person exam on the model used for this study, taking them as the benchmark for the highest-quality image (5/5). No participants were compensated in any way.

2.5. Primary Outcome Measure {#sec2dot5-diagnostics-09-00188}
----------------------------

For each of the three components of the ACT exam, the frequency of obtaining an adequate image quality, defined as having a value of 3 or higher, was measured. The goal was to identify adequate image quality for at least 80% of the exams.

2.6. Secondary Outcome Measures {#sec2dot6-diagnostics-09-00188}
-------------------------------

All components of the exams were recorded and compared to the exam time of the expert sonographer's in-person examination. All subjects completed surveys on the ease of use of the telecommunication system and the teleultrasound process. The model also completed surveys regarding the level of comfort during the examination for all examiners. The experience surveys of the model were compared between the subjects and the expert sonographer.

2.7. Sample Size and Statistics {#sec2dot7-diagnostics-09-00188}
-------------------------------

Estimation of sample size was based on a priori assumption of a 40% image acquisition rate of clinically interpretable images (\>3/5) of the nonmedical participants without teleultrasound assistance. A sample size of 20 subjects was calculated to increase the image acquisition rate to the target of 80%, assuming a power of 0.80 and alpha 0.05. Descriptive statistics were used to report the image acquisition rate for each of the three components of the ACT exam.

3. Results {#sec3-diagnostics-09-00188}
==========

A total of 21 nonmedically trained undergraduate students without prior ultrasound experience were recruited and completed the study. The average time to complete the specific exams was as follows: cardiac exam, mean = 4.7 (standard deviation (SD) = 3.6 min); pulmonary exam, mean = 1.6 (SD = 1.2 min); abdominal exam, mean = 2.1 (SD = 1.6 min). The average total time for the exam was 8.5 min (SD = 4.6). A comparison between the live expert examiner and the blinded postexam reviewer showed a 100% agreement between image interpretations. A review of the exams rated as three or greater demonstrated that 87% of abdominal, 90% of cardiac, and 95% of pulmonary exams achieved this level of image quality ([Figure 2](#diagnostics-09-00188-f002){ref-type="fig"}). The complete distribution of the image quality results for each exam type is shown in [Figure 3](#diagnostics-09-00188-f003){ref-type="fig"}. Standardized patient comfort survey results showed 5/5 scores for all ultrasound examinations. Summary data from the satisfaction survey of the teleultrasound communication by the novice users was as follows on a 5-point Likert scale: audio quality, median = 3.0 (interquartile range (IQR) = 2); ease of following commands, median = 5 (IQR = 1); comfort in obtaining cardiac view, median = 5 (IQR = 1); comfort in obtaining lung view, median = 5 (IQR = 1); and comfort in obtaining abdominal view, median = 4 (IQR = 1).

4. Discussion {#sec4-diagnostics-09-00188}
=============

This pilot study suggests that nonmedical individuals can be directed to complete an acute care POCUS exam using the combination of a POV hands-free audio-visual device (GG) with a commercially available smartphone video conferencing platform (FT). As the technology and cost of medical ultrasound continue to improve, the expansion of its role in healthcare needs to be explored. By combining POCUS technologies with commercially available video communication technologies, one can evaluate new areas to implement portable ultrasound.

Multiple studies have demonstrated the ability to use teleultrasound to connect healthcare providers across vast distances and between rural areas and those in larger medical centers \[[@B25-diagnostics-09-00188]\]. For example, the ability to instruct paramedics to perform a trauma POCUS examination via real-time physician guidance has been demonstrated \[[@B26-diagnostics-09-00188]\]. Additionally, Sheehan et al. demonstrated the ability to remotely guide inexperienced users through an ultrasound examination with the application of a visual guidance system \[[@B27-diagnostics-09-00188]\]. Indeed, the ability to perform POCUS exams in space via remote guidance has also been proven \[[@B28-diagnostics-09-00188]\]. Further efforts have continued to demonstrate that teleultrasound allows end-users to perform ultrasound examinations with minimal training \[[@B25-diagnostics-09-00188]\] and that these examinations generate clinically useful ultrasound images for a variety of organ systems and pathologies \[[@B25-diagnostics-09-00188]\].

As teleultrasound continues to grow, exploration of how this concept can be applied using low-cost, commercially available products have recently been explored. Multiple studies have demonstrated the utility of smartphone-based video conferencing platforms to remotely instruct POCUS examinations \[[@B10-diagnostics-09-00188],[@B16-diagnostics-09-00188],[@B29-diagnostics-09-00188]\]. Images obtained from these platforms are noninferior to those obtained directly from the ultrasound device \[[@B18-diagnostics-09-00188]\]. In addition, wearable video conferencing devices, such as GG, have also been applied to POCUS applications. For example, the utility of GG for assistance with central venous access has been demonstrated \[[@B30-diagnostics-09-00188]\].

However, few studies have examined the combination of a wearable video conferencing device (GG) and a smartphone video conferencing platform (FT) to remotely guide nonmedical participants to perform an acute care POCUS examination. This combination is novel and provides a hands-free strategy to provide remote guidance. Additionally, this study demonstrates a cost-effective teleultrasound system that can provide successful remote guidance as well as real-time remote image interpretation. Moreover, our data supports that the time to perform these examinations is practical for acute care management. Indeed, with the rapid cost reduction in teleultrasound technologies and the data demonstrated in our study, further research should explore ways to apply POCUS in new patient care settings. For instance, many public health and international medical mission trips include personnel without medical training. Teleultrasound may increase the contribution of these individuals.

Additionally, this study is also one of the first demonstrating the ability of a perioperative physician to facilitate the use of ultrasound technology outside of the hospital setting. Within the limits of this small, simulation-based study, our results suggest that an appropriately trained anesthesiologist can effectively provide guidance via the described teleultrasound system. This is relevant given the continuous pressure on the specialty of anesthesiology to expand its role in the patient care continuum.

While this study did not assess the application of this system toward patient care, our positive results support the need for additional studies in this area. Specifically, how these low-cost technologies can be used to improve the quality of care in resource-limited environments should be evaluated.

This study has several limitations. It is a small pilot project designed to evaluate the feasibility of a POCUS-trained anesthesiologist to use commercially available teleultrasound technologies. Future studies should evaluate this utility over a larger sample size that is applied over a region more common to traditional telemedicine platforms. In addition, all studies were performed on the same model (both by the expert and participants) to remove the confounding variable of different acoustic windows in patients. No evaluation of pathology was assessed in the study; rather, the focus was on the ability to generate an image that was interpretable remotely with the described teleultrasound technology. Finally, the participants were not tested on the anatomy or interpretation of the image.

5. Conclusions {#sec5-diagnostics-09-00188}
==============

This pilot project demonstrated the utility of a novel teleultrasound system to guide nonmedically trained adults to successfully acquire ultrasound images useful for acute cardiac, pulmonary, and abdominal assessments. This novel system utilizes low-cost, commercially available technologies and allows the examiner to communicate hands-free. Further studies should evaluate how this described system can be utilized to expand the role of teleultrasound.
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